In eukaryotic cells, DNA replication, transcription, and repair involve templates packaged into chromatin, a highly organized but structurally heterogeneous nucleic acid-protein complex. Chromatin typically suppresses enzymatic reactions involving DNA; therefore, mechanisms to remodel and maintain chromatin structures play essential roles in regulating DNA function. This is well illustrated by the functions of chromatin-remodeling complexes (e.g., SWI/SNF and ACF) and histone-modifying enzymes (e.g., histone acetyltransferases) in the regulation of gene transcription (1) .
Another conserved and highly abundant (ϳ1,000,000 copies per nucleus) chromatin-remodeling complex contains orthologs of the yeast CDC68/SPT16 and POB3 proteins (6, 34, 35) , designated FACT (human), DUF (Xenopus), and CP (Saccharomyces cerevisiae), depending on the source. Genetic and biochemical studies have implicated this complex in DNA replication (34, 46, 47) , basal and regulated transcription (6, 14, 22, 35, 44) , and DNA repair (24, 25, 48) . For example, the mammalian FACT (for facilitates chromatin transcription) complex was initially characterized as an activity capable of suppressing the inhibitory effects of nucleosomes on transcriptional elongation in vitro (35) . This activity involves the release of histones H2A and H2B from chromatin, apparently through stoichiometric interactions with nucleosomes rather than from a processive enzymatic activity. Both components of the yeast CP complex, SPT16/CDC68 and POB3, are essential for cell viability. However, alleles of SPT16/CDC68 have emerged from a variety of genetic screens and display widespread effects on transcription that are reminiscent of mutations in histones H2A and H2B (30, 31, 37) . The Xenopus complex was purified as a duplex DNA-unwinding factor (DUF) that simulates DNA replication in oocyte extracts (34) . Finally, FACT has also been reported to influence casein kinase 2-dependent phosphorylation and the activity of the p53 tumor suppressor (25) . In this context, the complex has been postulated to activate p53 as part of a transcription-and/or replication-coupled mechanism for recognizing DNA damage.
SSRP1/T160 (Mouse Genome Database [4] accession number 107912), the POB3 counterpart in the mammalian FACT complex, is a member of the high mobility group (HMG) of chromatin-associated proteins (2, 10) . While similar to SSRP1, POB3 lacks an HMG box domain and relies instead on an HMG box protein, Nhp6a or Nhp6b, to recruit the yeast CP complex to chromatin (5, 15) . Thus, two proteins apparently function as orthologs of SSRP1 in yeast: POB3, which lacks an HMG box, and the genetically redundant Nhp6a/Nhp6b proteins that consist of little more than HMG boxes. SSRP1/T160 was initially identified in screens for proteins that interact with immunoglobulin V(D)J recombination sites and cisplatin DNA adducts (8, 38) . However, these binding activities are shared by other HMG proteins and could reflect the general ability of HMG proteins to bind distorted DNA conformations (18, 41) . Subsequent studies have implicated SSRP1 in transcription control, for example, as a sequencespecific transcription factor of the embryonic ε globin gene (13) and as a coactivator working in concert with serum response factor (39) and the p53-related p63 protein (49) . The Drosophila SSRP1 protein also localizes to transcriptionally active chromatin on polytene chromosomes (26) .
Whether SSRP1 can function independently of the FACT complex is not known; however, there is growing evidence that SSRP1 and/or FACT interacts with a larger network of proteins. Proteins reported to interact with SSRP1 in mammalian cells include the PU.1 and serum response factor transcription factors (33, 39) and CHD1, a chromodomain-, ATPase-helicase-containing protein implicated in chromatin remodeling (26) . Finally, components of the yeast CP complex have been reported to interact with three distinct complexes: (i) histones, (ii) Chd1 and casein kinase 2, and (iii) Rtf1, Paf1, Ctr9, Cdc73, and a previously uncharacterized protein, Leo1 (27) .
In summary, SSRP1 has been implicated in transcriptional initiation and elongation and in DNA replication and repairapparent manifestations of its ability to influence chromatin structure. However, efforts to understand the biochemical functions of mammalian SSRP1 are complicated by the fact that by altering DNA and chromatin structure, this highly abundant protein may have pleiotropic effects that are not directly related to its function.
To assist in the functional analysis of SSRP1, the Ssrp1 gene was disrupted in embryonic stem (ES) cells, and the targeted mutation was introduced into the murine germ line. Mice homozygous for the mutation die soon after implantation, and preimplantation blastocysts are defective for cell outgrowth and/or survival in vitro. Thus, like yeast POB3, Ssrp1 appears to encode essential and nonredundant functions necessary for cell viability.
MATERIALS AND METHODS
Targeted disruption of Ssrp1. A phage clone containing the complete Ssrp1 gene was isolated from a mouse 129/Sv genomic library and subcloned into the NotI site of pBlueScript II KS(Ϫ) (Strategene). A targeting vector was constructed that consisted of a phosphoglycerol kinase (PGK)-Neo cassette flanked by sequences homologous to the Ssrp1 gene: an 8.9-kb NotI-KpnI fragment and a 1.3-kb XhoI-BglII fragment. After homologous recombination, the vector replaces 3.9 kb of genomic sequences (located between KpnI and XhoI sites) that contain exons 14 to 17 with the PGK-Neo cassette. The vector also contained a PGK-thymidine kinase (TK) gene to select against nonhomologous inserts. Twenty micrograms of vector DNA was linearized with XhoI and electroporated into 2 ϫ 10 7 J1 ES cells. ES cell colonies were cultured on irradiated mouse embryonic fibroblast (MEF) cells in the presence of 0.4 mg of G418/ml and 1 mM gancyclovir. Correctly targeted clones were identified by Southern blot hybridization and used for microinjection into C57BL/6 blastocysts.
Genotype analysis. The Ssrp1 genotypes of ES cells and mice were assessed by Southern blot hybridization to a [ 32 P]dCTP-labeled, 0.7-kb BglII/BamHI probe derived from genomic sequences located downstream of the 3Ј homologous region in the targeting vector, as described previously (45) .
The Ssrp1 genotype of embryonic day 6.5 (E6.5) to E8.5 embryos was assessed by PCR, using a mixture of three primers: a (5ЈCCGGCCCAGTAGGTATTT TC), b (5ЈCAGACTGCCTTGGGAAAAGC), and c (5ЈTCCCTCCAAGGAGC TATGTG). Each 50-l reaction mixture contained 10 mM Tris-HCl (pH 8.3), 5 mM KCl, 1.5 mM MgCl 2 , 200 M (each) deoxyribonucleoside triphosphate, each primer at 2 M, and 2.5 U of Amplitaq (Roche). Reactions involved 30 cycles of denaturation (94°C; 1 min), primer annealing (59°C; 1 min), and primer extension (72°C; 2 min).
The Ssrp1 genotypes of E3.5 blastocysts and blastocyst-derived colonies were assessed by nested PCR. The first reaction used a mixture of three primers: 1 (5ЈAGGCTGGCTGTGACTTAGTG), 2 (5ЈACTTGTGTAGCGCCAAGTG), and 3 (5ЈCATCCGTGAGGGCTTACT), as described above but for 20 cycles of denaturation (94°C; 1 min), primer annealing (55°C; 1 min), and primer extension (72°C;2 min). A second round of PCR used primers a, b, and c for 30 cycles as described above. p53 genotypes were assessed by PCR. The wild-type allele was detected with a pair of primers: X7 (5ЈTATACTCAGAGCCGGCCT) and X6.5 (5ЈACAGC GTGGTGGTACCTTAT). The null allele (28) was detected using primers X7 and Neo19 (5ЈCTATCAGGACATAGCGTTGG). Reactions involved 30 cycles of denaturation (94°C; 1 min), primer annealing (55°C; 1 min), and primer extension (72°C; 2 min) as described above.
Analysis of Ssrp1 mutant cells and embryos. The expression of SSRP1 protein in ES cell clones was assessed by Western blot analysis. Cell lysates were fractioned by electrophoresis on a sodium dodecyl sulfate-8% polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane (NEN Life Science), and SSRP1 proteins were detected by using rabbit polyclonal antibodies raised against the amino terminus of the protein, as described elsewhere (20) .
E3.5 blastocysts were isolated and used to derive ES cell lines as described earlier (45) . For studies of blastocyst outgrowth, E3.5 embryos were cultured, either with or without irradiated MEF feeder layers, in ES cell medium (Dulbecco modified Eagle medium [Mediatech] supplemented with 15% fetal bovine serum [heat inactivated at 55°C for 30 min], 0.1 mM 2-mercaptoethanol, 100 mM nonessential amino acids, and 100 U of penicillin-streptomycin [Gibco BRL]/ml).
The morphologies of postimplantation embryos were assessed from serial sections (7 m thick) of paraffin-embedded deciduas stained with hematoxylin and eosin (36) . Apoptosis in preimplantation embryos was detected with an in situ cell death detection kit (Roche). Blastocysts were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min and then permeablized for 30 min with 0.3% Triton X-100 and 1.5% bovine serum albumin in PBS. Blastocysts treated with 0.5 mg of DNase I/ml for 10 min provided positive controls for DNA fragmentation. Embryos were incubated with the terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) reaction mixture for 1 h at 37°C, and cell nuclei were stained with DAPI (1 mg/ml in PBS) for 10 min. The embryos were viewed and photographed using a fluorescence microscope and then genotyped by nested PCR.
RESULTS
Targeted disruption of Ssrp1. To assess the function of Ssrp1 in cell development and growth, a targeted mutation was generated via homologous recombination in mouse ES cells. The targeting vector replaced Ssrp1 sequences containing exons 14 to 17 (located in a 3.9-kb KpnI-XhoI fragment) with a PGKNeo cassette (Fig. 1A) . The mutant allele (designated Ssrp1 t ) thus deletes the HMG box domain (exons 14 and 15) along with 87 amino acids from the C terminus. Targeted ES cells were identified by Southern blot hybridization to a flanking sequence probe (Fig. 1B) .
Since SSRP1 is expressed in many cell types, including ES cells, the effects of the targeted mutation on SSRP1 expression could be assessed by Western blot analysis. As shown in Fig.  1C , clones containing the targeted allele expressed approximately half as much SSRP1 as wild-type cells. Moreover, truncated proteins potentially encoded by the targeted allele were not detected.
Four Ssrp1 ϩ/t ES clones independently injected into C57BL/6 blastocysts gave rise to germ line chimeras. Agouti offspring inheriting the targeted allele were identified by either Southern blot or PCR analysis (data not shown), and the mutation was bred into a 129sv or C57BL/6 background for three generations before being intercrossed.
Ssrp1 is required for early embryonic development. Ssrp1 ϩ/t mice were intercrossed in an attempt to generate homozygous mutant mice. However, no Ssrp1 t/t mice were detected among 220 offspring analyzed ( Fig. 1D and Table 1 ). To determine the stage at which the homozygous mutant mice die, embryos from timed matings were genotyped after different times of gestation (Table 1) . Again, none of the embryos that could be dissected from decidua at E6.5 to E8.5 was homozygous for the targeted allele. However, embryos in 16 out of 60 decidua examined were nearly or completely resorbed and could not be genotyped. This proportion (26.7%) was sufficient to account for the absence of homozygous mutants. Embryos were also examined at E5.5 in serial sections cut through intact decidua. Once again, the presumptive homozygous mutant embryos (4 out of 16) were almost completely resorbed (Fig. 2) .
The observed decidual reactions suggested that the mutant embryos die after implantation. To test this idea further, 115 preimplantation, blastocyst stage embryos (E3.5) were genotyped (Fig. 3A) by a nested-PCR strategy (Fig. 1A) . Of these, 29 were homozygous for the mutant allele, 32 were wild type, and 54 were heterozygous for the Ssrp1 t mutation-consistent with a Mendelian distribution ( Table 1 ). The mutant blastocysts appeared morphologically normal (Fig. 3B) . Taken together, these results suggest that Ssrp1 t/t embryos die between implantation and E5. (Fig. 1A) were mixed and used to amplify sequences corresponding to the wild-type (374-nucleotide) and targeted (250-nucleotide) alleles. Tail DNA from 3-week-old offspring produced by crossing Ssrp1 ϩ/t heterozygotes (lanes 1 to 17) and a sample lacking DNA (lane 18) were amplified by PCR and fractionated on a 1.5% agarose gel, together with molecular weight markers (lane 19). Seven of the animals analyzed were wild type, and 10 were heterozygous, while none was homozygous for the targeted allele. Ssrp1-deficient ES cells could provide a valuable system to study the biochemical functions of SSRP1. However, when blastocysts from Ssrp1 ϩ/t intercrosses were cultured in vitro, none of the 12 resulting ES cell lines was homozygous for the targeted allele (data not shown). By contrast, eight lines were heterozygous for the mutant allele and four were wild type. These numbers, while relatively small, are consistent with a Mendelian distribution, assuming homozygous mutant cells are selectively lost during cultivation. The probability (chi square) of recovering no homozygous mutants out of 12 cell lines by chance alone is 0.08.
The failure to recover homozygous mutant ES cell lines raised questions about whether SSRP1 is required for the growth or viability of ICM cells. To address this issue, 32 blastocysts from Ssrp1 ϩ/t intercrosses were individually cultured on MEF feeder cells and examined daily. During the first 24 h, all of the embryos attached and hatched from the zona pellucida. After 4 days of culture, the ICMs from 23 blastocysts formed well-delineated colonies on top of the more adherent trophoblast giant cells (Fig. 4A) . ICM cells from the remaining nine blastocysts, after limited proliferation, appeared to degenerate and/or detach from the dish (Fig. 4B) . Cells from the 23 ICM-derived colonies were collected into drawn glass capillaries and were analyzed by PCR to determine their genotypes. As summarized in Table 2 , eight of the colonies were wild type, 15 were heterozygous for the targeted allele, and none was homozygous for the mutation.
Fifty additional blastocysts were cultured without MEFs to eliminate the potential for contamination by wild-type feeder cells that might interfere with genotyping. After 3 to 4 days of culture, the ICMs from 39 blastocysts formed colonies, although these were smaller than those produced on MEF feeder cells (Fig. 4C) . ICM cells from the remaining 11 blastocysts degenerated and/or detached from the culture vessel instead of forming distinct colonies (Fig. 4D) . Three of the defective outgrowths could not be genotyped, but the other eight were confirmed as Ssrp1 t/t . The genotypes of the 39 normal blastocyst-derived colonies included 13 wild type, 26 het- a Mice heterozygous for the targeted mutation in the Ssrp1 gene were mated, and embryos and progeny of the indicated ages were genotyped.
b This total does not include 16 empty deciduas that could not be genotyped.
FIG. 2. Histological sections of E5.5 embryos. Decidua containing E5.5 embryos from Ssrp1
ϩ/t intercrosses were sectioned and stained with hematoxylin and eosin. Representative normal (A) and presumptive homozygous (B) mutant embryos are shown. The panels are reproduced at the same magnification (bar, 100 m).
FIG. 3. PCR genotyping of E3.5 blastocysts. (A) Blastocysts from
Ssrp1 heterozygous intercrosses were analyzed by nested PCR, using primers 1, 2, and 3 and a, b, and c (Fig. 1A) in the first and second rounds of amplification, respectively. (B) Phase-contrast photomicrographs of E3.5 blastocysts of the indicated genotypes. Ssrp1 t/t blastocysts appear morphologically normal.
erozygotes, and no homozygous mutants (Table 2 ). Taken together, these results indicate that the murine Ssrp1 gene is necessary for the growth and/or survival of the ICM.
Apoptotic cells in Ssrp1-deficient blastocysts. The SSRP1 protein has been reported to bind V(D)J recombination sequences and cisplatin adducts, suggesting a possible role in DNA repair and/or recombination (31, 38) . DNA repair defects associated with the Ssrp1 mutation could result in cell death by apoptosis and contribute to the rapidity with which Ssrp1-deficient cells lose viability both in vivo and in vitro. While Ssrp1-deficient blastocysts appear normal, freshly isolated E3.5 embryos were analyzed for the presence of apoptotic cells by TUNEL. Seventy-three blastocysts, of which 24 were wild type and 20 were homozygous for the Ssrp1 mutation, were stained, photographed, and genotyped, and the apoptotic cells were counted blind from coded photographs. Wildtype, heterozygous, and mutant embryos averaged 1.2 Ϯ 1.2, 1.7 Ϯ 1.7, and 2.6 Ϯ 3.4 TUNEL-positive cells per blastocyst, respectively (Fig. 5) . Although statistically significant (P Ͻ 0.04), the difference between wild-type and mutant embryos was relatively small; thus, apoptosis in E3.5 embryos does not appear to account for the survival defects observed in Ssrp1-deficient blastocysts.
p53 deficiency does not rescue embryonic lethality caused by the Ssrp1 t mutation. As an important regulator of the cellular responses to DNA damage, the p53 tumor suppressor could interact with SSRP1. Several genes involved in the cellular response to DNA damage, including BRCA1, Lig4, and XRCC4, are required for embryonic development. Death of BRCA1, Lig4, and XRCC4 mutant embryos occurs at or before E7.5, E17.5, and E16.5, respectively, and requires active participation by the p53 tumor suppressor, which promotes apoptosis in DNA repair-deficient cells (16, 17, 29) . As a consequence, inactivating mutations in p53 delay or prevent embryonic lethal phenotypes associated with these DNA repair deficiencies.
To assess the role of p53 in the death of Ssrp1-deficent embryos, mice with mutations in Ssrp1 and p53 were intercrossed. Since the Ssrp1 and p53 genes are unlinked, 1 in 16 offspring from mice doubly heterozygous for inactivating Ssrp1 and p53 mutations is expected to be homozygous for both mutations if p53 deficiency rescues Ssrp1 t/t embryos from embryonic death. However, none of the 106 pups analyzed, including 21 p53 Ϫ/Ϫ offspring, was homozygous for the Ssrp1 mutation. We also analyzed 65 embryos from E7.5 to E12.5, but none was homozygous for the targeted allele. Finally, p53 status had no discernible effect on the outgrowth of Ssrp1 
DISCUSSION
The present study shows that murine Ssrp1 is essential for the growth and survival of early embryonic cells both in vivo and ex vivo. Thus, while a number of HMG chromatin-associated proteins are encoded by the mouse genome (2), none of these HMG box family members appears to compensate for the loss of Ssrp1 function. Ssrp1 is required for the survival of postimplantation blastocysts and for the viability of cells of the ICM-phenotypes associated with genes essential for cell viability (12, 19, 32) . These results are consistent with studies linking Ssrp1 expression and cell proliferation (20) and with antisense ablation experiments implicating Ssrp1 in the proliferation of murine fibroblasts (21) . However, we cannot exclude the possibility that the gene is dispensable in some cell types (9) .
The targeted mutation deleted 87 amino acids from the carboxyl terminus of SSRP1, including the HMG box. Since the HMG box is required for DNA binding, the mutation is expected to inactivate SSRP1 function. The mutation was inherited as a simple, recessive embryonic lethal trait; however, due to the severity of the growth and/or survival defects exhibited by Ssrp1-deficient embryos, we were unable to determine if the targeted mutation is a null allele. ES cells heterozygous for the mutation expressed approximately half as much SSRP1 protein as wild-type cells and did not appear to express truncated forms of the protein. Moreover, heterozygous mice displayed no phenotypes that might result from the trans-dominant activity of a truncated protein.
While SSRP1 shares features in common with other HMG box proteins, it also has several unique features that distinguish it from other HMG family members. SSRP1 is most similar to HMG-1 within the HMG domain, but unlike HMG-1, SSRP1 is capable of binding DNA in a sequence-specific manner (13) . SSRP1 also contains only a single HMG domain, like the sequence-specific HMG box proteins SRY and LEF-1/TCF-1a. Because of these and other features, SSRP1 was classified into a distinct subfamily of HMG domain proteins (2) . Since targeted mutations in other HMG family members have thus far resulted in far more restricted phenotypes (3, 7, 11, 23, 40, 42, 43) , the present study provides further evidence that Ssrp1 encodes unique, nonredundant functions.
As a component of the phylogenetically conserved FACT/ DUF/SPT16-POB3 complex, SSRP1 appears to assist in chromatin remodeling during transcription initiation and elongation and DNA replication (22, 34, 35, 44, 46, 47) . In S. cerevisiae, orthologous functions of SSRP1 appear to be supplied by the combined actions of POB3, which is similar to SSRP1 but lacks the HMG box domain, and Nhp6a/Nhp6b, which are genetically redundant proteins consisting of little more than HMG boxes (5, 15) . The phenotype of the Ssrp1 t mutation in murine embryos provides additional evidence for phylogenetic conservation between SSRP1 and POB3, as POB3 is required for cell viability in S. cerevisiae.
Several observations suggest that SSRP1 may play a role in DNA repair and recombination. SSRP1 binds cisplatin DNA adducts and V(D)J recombination sites (31, 38) , and SSRP1 has been reported to enhance the activities of the p53 tumor suppressor (24, 25) and the p53-related protein p63 (49) . As a component of the FACT complex, SSRP1 would be positioned to activate p53-dependent responses to DNA damage at the sites of transcription or DNA replication. However, phenotypes caused by deficiencies in several DNA repair genes (e.g., BRCA1, Lig4, and XRCC4) are less severe than those caused by loss of Ssrp1, and phenotypes resulting from these DNA repair defects, unlike Ssrp1 deficiency, are reduced in severity in the absence of p53 (16, 17, 29) . Thus, the phenotype of the Ssrp1 t mutation, and its apparent lack of genetic interaction with p53, suggest that SSRP1 does not function primarily in DNA repair and recombination.
A protein complex containing SSRP1 and SPT16 (FACT) has been reported to influence CK2-dependent phosphorylation and activity of p53 (25) . Since FACT enhances transcription elongation on chromatin templates in vitro, the complex has been postulated to activate p53 as part of a transcriptiondependent mechanism for recognizing DNA damage. However, since embryos tolerate the loss of p53 and not SSRP1, SSRP1 apparently does not function primarily as an upstream activator of p53.
In summary, while genetic inferences are necessarily indirect, Ssrp1 appears to encode nonredundant functions that play essential roles in cellular metabolism. As direct functional studies are currently hampered by the lack of Ssrp1-deficient cells, future studies will benefit from the development of conditional systems to regulate Ssrp1 function in mammalian cells.
